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Introduction
Over recent years, skeletal muscle has been extensively investigated as a target for gene therapy regimes, not only to correct inherited myopathies 1 but also for the production and secretion of gene products 2, 3 for systemic delivery. Skeletal muscle is readily susceptible to, and easily accessible for gene manipulation by either in vivo gene transfer, eg direct injection of naked DNA, or implantation of genetically modified myoblasts. However, as with viral transduction, naked plasmid injection can elicit an immune reaction against the encoded peptide in immunocompetent mice. This may result in the inactivation/clearance of the secreted protein 4 and immune rejection of transfected fibres involved in synthesis of this protein. 5 As an alternative, implantation of myogenic lines stably transduced ex vivo has an added advantage in that the grafted myoblasts should be able to maintain a continuous supply of the transfected gene product even when recombinant myofibres are damaged.
the blood stream and we can specifically immunodetect the human enzyme and compare the level in the serum with the expression in the muscle fibres.
Results
Stable transfection of myoblast cell lines with ␣1AT Several clones transfected with either pDNA␣1AT or pDCK␣1AT were tested for their ability to secrete ␣1AT and at the same time fuse into myotubes by comparison with untransfected myoblasts. We noted that clones which showed high secretion of ␣1AT were the least myogenic, forming few myotubes in vitro under non-permissive conditions; these were therefore discarded. Table 1 shows data from two clones which were selected as having shown the highest secretion of ␣1AT while retaining myogenicity. The T2-2 cell line was sham transfected with a vector alone and did not secrete ␣1AT. Ninety percent of all myoblasts had fused into myotubes 192 h after plating. The CMV driven clone, C3.1.1 showed a similar level of ␣1AT secretion under both permissive and non-permissive conditions, presumably because the cytomegalovirus promoter is not muscle specific and is constantly being expressed. However, M7.1.2 myoblasts containing the muscle MCK promoter did not express ␣1AT until myotubes started to form in non-permissive conditions. This is expected since the endogenous MCK is not expressed in myoblasts; these synthesize the BB form of the protein and then gradually switch to the MM form as myotubes develop. 7 Effect of naked DNA injection in muscle of mdx nude mice For the first in vivo experiment, we used the same constructs tested in cell culture experiments as described above. Six mdx-nude mice were injected with each construct.
The results from serum analysis shows a substantial level of human ␣1AT in the blood in the first and second week following the injection for CMV and MCK promoters, respectively ( Figure 1 ) . This level was on average two-fold higher with the CMV compared with the MCK promotor. Surprisingly, there was a sharp decrease after the first week falling to a level just above the baseline by week 4 ( Figure 1 ). As controls we tested serum from untreated mdx-nude mice and mdx-nude mice injected with a related plasmid that has the CMV promoter driving expression of human minidystrophin (Wells et al, in preparation) . In neither case could we detect any expression of human ␣1AT.
Effect of naked DNA injection in muscle of MF1-nude mice We suspected that the continuous degeneration-regeneration of muscle that typifies the mdx pathology was the cause of the reduction in ␣1AT levels with time since we did not expect an immune response in a nude mouse background. In the second in vivo experiment, we used MF1-nude mice and injected six mice in each group with ␣1AT constructs driven by either CMV (pBScmv␣1AT) or MCK promoters (pBSmck␣1AT) in a modified bluescript backbone. These second generation constructs did not contain the neo selection marker. Injected mice were killed at 1, 2, 4 and 10 weeks to provide a muscle sample to investigate the levels of ␣1AT in situ. The pattern of the serum sample results (not shown) was exactly the same as obtained with the mdx nude mice, shown in Figure 1. The peak levels of ␣1AT were lower than those obtained in mdx-nudes, but the overall reduction in the serum level followed the same pattern. This unexpected result suggested that the plasmid DNA may be gradually lost from the injected muscle.
PCR for the presence of plasmid in the muscle To investigate the cause of the reduction in levels of ␣1AT in blood serum, we used PCR to determine whether the plasmid was still present in the injected muscles. Given the small number of 'transgenic' fibres even in the sections showing the highest number of ␣1AT positive fibres, we used nested PCR for optimum sensitivity. The results showed the presence of the expected product size in varying amount for both CMV ( Figure 2 ) and MCK (data not shown) driven constructs in most tested muscles.
Antibodies against human ␣1AT in MF1 nude mice To test whether a non-specific immune response might cause the down-regulation of human ␣1AT in the MF1 nude mice, we injected 50 g of pCMV5 plasmid alone or pCMV␣1AT into seven mice in each group. Blood was collected at 0, 1, 2, 4 and 8 weeks after injection. The (Figure 3b ), the mice injected with pCMV␣1AT had a high level of the protein in the first week after injection which gradually decreased by week 8 ( Figure 3a ). The maximum level attained with this construct was the highest found in our studies, with an average of 15 ng/ml of serum. However, there was a consistent failure to sustain such levels beyond the first week after injection. Whilst specific antibodies against human ␣1AT were detected, there was very little ␣1AT-specific IgG ( Figure 4 ) suggesting that the response to injection of the plasmid was primarily IgM. No ␣1AT-specific antibodies were detected in untreated or the pretreated mice. No correlation was found between the level of ␣1AT and either the level of total ␣1AT-specific Ig or IgG. The serum of the MF1-nudes was also tested for the level of creatine kinase (CK) to assess the leakiness of the muscle at various time-points. The results showed no significant leakage at 1 week or thereafter (data not shown).
Immunolocalisation of ␣1AT in plasmid injected muscle
Cryostat sections of muscles from mdx-nude mice directly injected with plasmid DNA were immunostained with a rabbit anti-human ␣1AT antibody to identify the structures expressing ␣1AT. Muscle fibres were stained with varying intensity during the first week after injection and the protein remained detectable throughout the duration of the experiment ( Figure 5 ). The maximum number of positive fibres recorded at any particular whole section of each tibialis anterior (TA) muscle was compared with the serum level of ␣1AT produced by that particular mouse. No correlation was found between the level of ␣1AT detected in the serum and the number of positive fibres at any given time ( Figure 4 ). This correlation did not improve by considering the total number of positive fibres throughout the muscle.
Myoblast implantation in mdx-nude mice
Myoblast clones secreting human ␣1AT were expanded in tissue culture. 5 × 10 5 cells were transplanted into each of the pre-irradiated TA muscles. Six mice in each group were transplanted with the CMV driven ␣1AT clone, C3.1.1, the MCK driven ␣1AT clone, M7.1.2. or T-2-2 cells as control. The mice were bled at weekly intervals up to 10 weeks following implantation. Myoblasts containing ␣1AT formed varying amounts of new muscle when injected into mdx-nude mouse muscle. The serum levels of ␣1AT generated by the transplants are shown in comparison with the direct injection data ( Figure 6 ). No ␣1AT secretion was detected in mice transplanted with T 2-2 control cells, while results from transfected cells show a gradual increase in ␣1AT serum levels plateauing at 2 weeks and remaining at this level for the 10 weeks of the experiment. Compared to mdx-nude injected with the same constructs as plasmid DNA, it is apparent that the transfected cells implanted in the TA produce a lower level of ␣1AT in the serum than the maximum obtained with plasmid injected in the same muscle. However, this production was sustained in mice implanted with myoblasts. Furthermore, staining of the muscle for dystrophin and ␣1AT showed that it is the dystrophin-positive muscle fibres that stained for human ␣1AT (Figure 7 ).
Discussion
In this study, we directly compared two methods for gene delivery to skeletal muscle using the same constructs. We used plasmids containing the human ␣1AT cDNA driven by a strong viral promoter, the immediateearly promoter of CMV and similar constructs driven by the muscle specific MCK promoter. The strength and persistence of expression of these constructs was tested using two delivery methods, namely, direct plasmid DNA injection compared with transplantation of ex vivo transfected myoblasts. In order to minimise interference by the immune system, we used athymic nude mice.
With the direct injection of plasmid DNA, we observed a peak level at 1 and 2 weeks for CMV and MCK promoters, respectively. This was followed by a significant reduction in the serum levels of human ␣1AT. In contrast, steady state levels of ␣1AT in the serum followed myoblast transplantation. The level of ␣1AT produced by either method of gene transfer was higher with the CMV promoter and was comparable to human ␣1AT expression in skeletal muscle reported in a previous study. 8 However, this level is far below the normal endogenous level in humans and at such low efficiency we estimate that one would need to inject all skeletal muscles to achieve a therapeutic concentration for the treatment of ␣1AT deficiency. Thus a future goal may be to find much stronger promotors or alternative constructs such as genomic DNA reported recently. 9 What is worth noting is that some 25 000 myoblasts, the estimated 5% that survive the first 24 h after transplantation 10 represents a promising, long-term, systemic delivery of therapeutic proteins. Indeed, we show an immunohisto- logical relationship between the implanted myoblast carrying the transgene with the detection of the human ␣1AT in the mouse serum. Although not every dystrophin-positive fibre expressed the human protein, most likely due to the low sensitivity of the immunolabelling technique, ␣1AT labelling was found only in the fibres which expressed dystrophin. Sustained expression of another protein, factor IX, following myoblast transplantation has been reported by several groups. [11] [12] [13] There are several possible explanations for the reduction in serum levels of human ␣1AT with time following plasmid DNA gene transfer. Initially, we considered that the pathology of the mdx mouse might play a role, as the cycles of fibre degeneration and regeneration characteristic of dystrophin-deficient muscle, 14 may lead to the loss of episomal plasmid DNA. However, when the same constructs were injected into MF1-nude mice, similar results were obtained, albeit at a slower rate. The rate of decline may thus be partly attributed to the mdx pathology but the progressive diminution in the amount of secreted protein suggests that any role played by the mdx pathology was incidental. PCR from the muscle homogenates demonstrated that plasmid DNA was present in the muscle up to 10 weeks after injection. However, this assay did not measure the amount of plasmid DNA because only few sections of the muscle were used.
An alternative explanation for the plasmid results might relate to the peak levels at 1 week rather than the lower levels at later time-points. Plasmid DNA causes extensive inflammation when injected into skeletal muscle, 15 and this inflamed environment might lead to muscle damage and/or leakiness of muscle membranes. However, the level of serum creatine kinase, a useful marker of muscle damage, 14 was not significantly higher than normal and showed no variation over time thus suggesting that increased leakage of ␣1AT at 1 week was unlikely.
A third possibility for the fall in ␣1AT levels is that immunoglobulins may sequester and mask serum levels of ␣1AT. The athymic nude mice lack the thymic epithelial cells for the education of the T cell lineage, 16 but have B cells that may be able to mount a limited humoral immune response to foreign proteins in the absence of T-helper cells. We must therefore entertain the idea that immunoglobulin, mainly IgM, may bind circulating ␣1AT and therefore reduce the total level detected by our ELISA. Higher levels of IgM may be generated following plasmid gene transfer compared with myoblast transplantation as plasmid DNA has been shown to directly stimulate B cell. 17, 18 Although we found evidence of Ig binding to ␣1AT in ELISA assays, we observed no significant correlation, positive or negative, between the amount of ␣1AT and the amount of Ig which became bound to it (Figure 4) .
Finally, we considered a fourth possibility, that promoter down-regulation might account for the decline in serum levels of ␣1AT with time following direct injection of plasmid DNA. A decline in expression of several genes has been reported for CMV driven constructs, 19, 20 but not for MCK. It is possible that such decline is inherent to the direct injection method since promoter down-regulation should also be expected to reduce ␣1AT secretion following the implantation of transfected myoblasts, as they were generated with the same expression constructs. Additionally, while cytokines have been shown to reduce CMV activity in vitro, 21, 22 the inflammation associated with plasmid administration and myoblast transplantation, falls rapidly and is essentially gone by 2 weeks after administration.
In this study, we have shown that direct injection of expression plasmids for ␣1AT into muscle, or transplantation into muscle of myogenic cells stably transfected ex vivo with these expression plasmids, will lead both to expression of ␣1AT within muscle fibres and the appearance of this peptide in the serum. It remains a moot point however, whether the ␣1AT demonstrable in the muscle fibres is directly related to the ␣1AT we find in the serum and a detailed study of the localization of this peptide in relation to the organelles of the known secretory pathways is a topic of current investigation.
Materials and methods

Constructs
The human full ␣1AT cDNA 1.4 kb was obtained from plasmid p8a1ppg (kind gift of Dr J Clark, Institute of Animal Physiology and Genetic Research, Edinburgh, UK) by PstI digestion and ligated into several vectors driven by various promoters as indicated in Table 2 . The pCMV5 vector obtained from Dr M Stinski (University of Iowa, USA). A modified Bluescript KS with a 800 bp SV40 polyA at the 3′ end was obtained from Professor G Dickson (Royal Holloway College, London, UK). For stable transfections, pcDNA3 (Invitrogen, Leek, Netherlands) was used to insert the ␣1AT cDNA into the multiple cloning site. For MCK constructs, the CMV promoter was substituted by 3.3 kb MCK promoter through blunt-end ligation. The MCK 3.3 kb promoter was a kind gift of Jean Buskin (University of Washington, USA). Plasmids were prepared using Qiagen columns (Crawley, UK) as previously described. 15 Stable transfection of H2Kb myoblast cell line A myoblast cell line T2-2 was derived from an H2K b ts-58 transgenic mouse as described Morgan et al. 23 These cells were transfected with pDNA␣1AT and pDCK␣1AT. The transfection was carried out by electroporation as follows: 2.5 million myoblasts were placed in 0.4 cm cuvette at 300 V at 960 F in 0.5 ml of F-10 medium and 45 g of linearised constructs. The surviving cells were seeded at 5 × 10 3 per 10 cm 2 petri dish and cultured at the permissive temperature of 33°C in DMEM medium supplemented with 20% FCS, 1% chicken embryo extract and l-glutamine in the presence of murine ␥IFN. The medium was changed 48 h later to fresh growth medium and 600 mg/ml of G418. Cells transfected with a similar plasmid lacking the neomycin gene were used as control. Cells which were resistant to G418 were cloned using cloning rings and tested for ␣1AT secretion using an ELISA assay on the culture medium. To assess whether the genetically modified myogenic clones still retain their ability to fuse in vitro, cells were cultured in duplicate at 10 4 cells per well in eight-well Lab-tek flaskette at 33°C in the presence of ␥IFN for 48 h. The medium was collected and fresh medium supplemented with 10% horse serum was added to the cultures and placed at 37°C without ␥IFN. These non-permissive conditions promoted myotube formation. 23 The medium was removed for assay every 48 h for a total of 192 h, after which the cells were fixed and stained with toluidine blue and the number of nuclei forming myotubes was counted and divided by the total number of nuclei to give a fusion index.
Injection of plasmid DNA in vivo Mdx-nude 24 or MF1-nude mice were used for naked DNA injection at 6-8 weeks of age. The mice were anaesthetised using Hypnorm-Hypnovel general anaesthesia, as previously described. 25 25-50 g of plasmid in 25 l of a saline solution was injected percutaneously into the anterior tibialis muscle using a 27-gauge needle. Blood samples were collected from the tail vein before DNA injection and at weekly interval up to 12 weeks after injection.
Transplantation of mdx/nude mice with stably transfected myoblasts Mdx-nude mice were anaesthetised at 4-6 weeks of age and legs irradiated at 18 Gy followed by myoblast transplantation 3-5 days later as described previously. 23 Briefly, 5 million cells of the ␣1AT transfected myoblast line were injected in the TA muscle, under anaesthesia, using a 5 l Hamilton syringe. The mice were allowed to recover and blood samples were taken for analysis at intervals up to 12 weeks. At the end of the experiments, the mice were killed and injected muscles were removed for analysis.
ELISA for alpha1 anti-trypsin in serum
The concentration of human ␣1AT in the mouse serum was measured by a double antibody sandwich enzyme linked immunosorbent assay (ELISA) with a detection range of 0.01-30 ng/ml using purified human ␣1AT protein (Enzyme Research Laboratories Ltd, Indiana, USA) as standard. 96-well microtitre plates were coated with affinity purified goat anti-␣1AT in 0.1 m bicarbonate buffer pH 9.0 overnight at 4°C. Following several washes with TBS with 1% Tween 20 and blocking nonspecific binding with 1% BSA in TBS for 30 min, the serum or culture medium was added and left to incubate for 120 min at room temperature. After three washes, a secondary antibody, rabbit anti-human ␣1AT was added for a further 120 min. After another round of washing to get rid of excess antibody, a third layer, goat anti-rabbit conjugated to HRP (DAKO, Ely, UK) was incubated for 120 min. More washes were carried out and the reaction was visualised with the addition of 0.5 mg/ml o-phenylediamine (OPD; Sigma, Poole, UK) and measured on an ELISA reader at 450 nm. Statistical analysis was carried out using a one way analysis of variance (ANOVA) followed by multiple comparisons with the student Neuman Keuls method.
Screening for antibodies against alpha1 anti-trypsin in serum The serum used in the determination of the ␣1AT level was also used to detect if any antibodies were made against the human ␣1AT. This was also carried out by ELISA. A 96-well plate was coated with 0.5 mg/ml ␣1AT (Sigma) overnight at 4°C. After washing in TBS containing 1% Tween 20 and blocking nonspecific binding with 1% BSA in TBS for 30 min, the serum from experimental mice were added for 120 min at room temperature. Following several washes, antibodies bound to the protein were detected using goat anti-mouse antibody conjugated to HRP (DAKO) and visualised using OPD substrate as above. The standard curve was made up using a serial dilution of a mouse monoclonal antibody against human ␣1AT (Biogenesis, Poole, UK).
Examination of CK levels in the serum Serum samples were prepared by clot retraction and spinning to remove any red blood cells. Samples were Several bottles of buffer and reagent were prepared and warmed to 37°C to ensure uniformity of reagent mix across all the samples. Serum plus assay mix was incubated in the ELISA plate reader at 37°C (Anthos HTIII) for 3 min and then assayed for increasing absorbance every minute over a perid of 10 min. The maximun rate of change in optical density over three time-points was used to calculate the number of units of creatine kinase by using a Precinorm U control standard from Boehringer and the Biolise software package (Anthos Labtech, Salzburg, Austria).
Immunocytochemical identification of muscle fibres containing ␣1AT Treated muscles were removed and snap frozen in isopentane cooled in liquid nitrogen. 6 m sections were cut transversally across the entire TA muscle. Serial sections were stained with H&E and antibodies against dystrophin and/or ␣1AT as follows:
Alpha1 anti-trypsin: Sections were fixed in 2% paraformaldehyde for 10 min. Following several washes in PBS and blocking the endogenous peroxidase activity with 1% hydrogen peroxide for 10 min, the sections were incubated in rabbit anti-human ␣1AT antibody (Sigma) for 60 min followed by goat anti-rabbit antibody conjugated to horse radish peroxidase for a further 60 min. The substrate di-amino benzidine, DAB was added in the presence of 0.1% hydrogen peroxide until a visible signal is seen. The sections were counterstained with haematoxylin and viewed under a microscope.
Dystrophin:
The cell clone used in these experiments was derived from a non-dystrophic mouse. Muscles fibres formed from such clones express dystrophin which can easily be identified in the mdx mice which is deficient in this protein. 23 The muscle sections were blocked for nonspecific binding using 20% goat serum in PBS with 1% BSA for 20 min, followed by rabbit anti-dystrophin antibody (P6, gift from Peter Strong, Sheffield University, Sheffield, UK) for 60 min at 1:400 dilution. After several washes in PBS, a biotinylated swine anti-rabbit antibody (1:500 dilution; Amersham, Little Chalfont, UK) was added for a further 60 min. The immune specificity was localised by a Streptavidin HRP (DAKO) and visualised by the addition of DAB as a substrate in the presence of 0.1% hydrogen peroxide. The sections were examined from the whole distance along the TA muscle and the section with the highest number of positive fibres was reported. 2000-3000 fibres were assessed per cross-section.
PCR for plasmid DNA in frozen muscle sections DNA samples were extracted from eight frozen sections (6 m thick) of individual mice by immersing the sections directly in 0.5 ml of buffer containing Proteinase K and heated at 55°C overnight. The solutions were centrifuged and the supernatant was used as a template to PCR the plasmid fragment using forward and reverse primers. The primers were designed so the amplification crossed the border between the promoter sequence and ␣1AT cDNA. The product of the first PCR was used for a second round of PCR using nested primers. The primers for CMV were: TTGACTCACGGGTTCCA, forward and GGCTGTAGCGATGCTCACTG, reverse giving a product of 582 bp. The nested primers were AAA TGGGCGGTAGGCGTGTA, forward and TTGGT GCTGTTGGACTGGTG, reverse, giving a product of 405 bp. For the MCK promoter the primers were: GGACTGAGGGCAGGCTGTAA, forward and TTGGT GCTGTTGGACTGGTG, reverse, giving an expected band of 575 bp and the nested primers were TCA CACCCTGTAGGCTCCTC and ATAGGCTGAAGGCG AACTCA resulting in a product of 249 bp. The PCR conditions were as follows: 2 mm magnesium chloride was used with 28 cycles per run with Taq polymerase (Advanced Biotechnologies, Surrey, UK). The annealing temperature for the PCR was 57°C.
The PCR products were analysed on polyacrylamide gel. Muscle sections which were not plasmid injected or injected with vector alone, were used as control.
